Abstract-Aqua MODIS has successfully operated on-orbit for more than six years since its launch in May 2002, continuously making global observations and improving studies of changes in the Earth's climate and environment. Twenty of the 36 MODIS spectral bands, covering wavelengths from 0.41 to 2.2 μm, are the reflective solar bands (RSBs). They are calibrated on-orbit using an onboard solar diffuser (SD) and an SD stability monitor. In addition, regularly scheduled lunar observations are made to track the RSB calibration stability. This paper presents Aqua MODIS RSB on-orbit calibration and characterization activities, methodologies, and performance. Included in this paper are characterizations of detector signal-to-noise ratio, short-term stability, and long-term response change. Spectral-wavelength-dependent degradation of the SD bidirectional reflectance factor and scan mirror reflectance, which also varies with the angle of incidence, is examined. On-orbit results show that Aqua MODIS onboard calibrators have performed well, enabling accurate calibration coefficients to be derived and updated for the Level 1B production and assuring high-quality science data products to be continuously generated and distributed. Since launch, the short-term response, on a scan-by-scan basis, has remained extremely stable for most RSB detectors. With the exception of band 6, there have been no new RSB noisy or inoperable detectors. Like its predecessor, i.e., Terra MODIS, launched in December 1999, the Aqua MODIS visible spectral bands have experienced relatively large changes, with an annual response decrease (mirror side 1) of 3.6% for band 8 at 0.412 μm, 2.3% for band 9 at 0.443 μm, 1.6% for band 3 at 0.469 μm, and 1.2% for band 10 at 0.488 μm. For other RSB bands with wavelengths greater than 0.5 μm, the annual response changes are typically less than 0.5%. In general, Aqua MODIS optics degradation is smaller than Terra MODIS, and the mirror-side differences are much smaller. Overall, Aqua MODIS RSB on-orbit performance is better than that of Terra MODIS.
observing instruments [1] . It was launched on May 4, 2002 in a near-sun-synchronous polar orbit with a nominal altitude of 705 km and an equatorial crossing time of 1:30 P.M. (ascending northward). The Moderate Resolution Imaging Spectroradiometer (MODIS) is the keystone instrument onboard the Aqua spacecraft and is also one of the two instruments currently operated on both the Terra and Aqua spacecrafts, with Clouds and the Earth's Radiant Energy System being the other. Developed with improvements over its heritage sensors, MODIS observations are made in a broad spectral range: from visible (VIS) to long-wave infrared; a wide field of view (FOV): ±55
• from instrument nadir; and three spatial resolutions: 0.25 km (2 bands), 0.5 km (5 bands), and 1 km (29 bands) [2] , [3] . Because of this, MODIS data products have provided many science applications for monitoring changes in the Earth's land, oceans, and atmosphere, and associated impact on the Earth's climate and life. With improved spatial and spectral resolutions and frequent global coverage, MODIS observations have significantly extended and enhanced existing data records from heritage sensors [4] [5] [6] [7] . MODIS was built by Raytheon Santa Barbara Remote Sensing (SBRS) located at Goleta, CA (recently moved to Raytheon Space and Airborne Systems at El Segundo, CA). Its on-orbit operation is managed by the Flight Operation Team (FOT) of EOS Science Mission Operations (ESMO), and calibration is performed by the MODIS Characterization Support Team (MCST) at the NASA Goddard Space Flight Center.
MODIS has 20 reflective solar bands (RSBs) with wavelengths from 0.41 to 2.2 μm and 16 thermal emissive bands (TEBs) from 3.7 to 14.4 μm. It is a cross-track scanning radiometer, which collects data using a two-sided scan mirror and produces a swath 10 km along-track (at nadir) by 2330 km cross-track each 1.478-s scan. This enables complete global coverage in less than two days. In order to maintain its onorbit calibration accuracy and, therefore, the science product quality, MODIS was built with a number of onboard calibrators (OBCs). Fig. 1 shows a schematic of the MODIS scan cavity and its OBCs, including a solar diffuser (SD), an SD stability monitor (SDSM), a v-grooved blackbody (BB), and a spectroradiometric calibration assembly (SRCA). Normally, the SD and SDSM are used together for RSB calibration and the BB for TEB calibration. The SRCA is designed primarily for sensor spectral (RSB only) and spatial (RSB and TEB) characterization with limited capability of monitoring RSB radiometric calibration stability [8] [9] [10] [11] [12] [13] . This paper presents Aqua MODIS RSB on-orbit calibration and characterization over its mission from launch to present. It focuses on applications and results from sensor OBC data sets and illustrates RSB radiometric performance. The sensor spatial and spectral characterization issues are not covered in this paper. A complementary summary of Aqua MODIS TEB on-orbit calibration and performance has been reported in a separate paper [14] . Section II of this paper provides a brief description of sensor prelaunch calibration background for Aqua MODIS RSB and its onboard calibration system. It is followed by an overview of RSB on-orbit calibration algorithms which utilize SD/SDSM and lunar observations, and associated operational activities in Section III. Section IV presents Aqua MODIS RSB performance with results derived from instrument on-orbit measurements. Issues that could impact RSB calibration accuracy and data product quality, such as SD bidirectional reflectance factor (BRF) and scan mirror reflectance on-orbit degradation, are discussed. Provided in Section V are comparisons of Terra and Aqua MODIS RSB performance and a list of lessons learned from their on-orbit operation and calibration. Section VI is a summary of this paper. On-orbit results show that Aqua MODIS RSB OBCs have continued to effectively monitor SD degradation and track RSB responses, thus providing useful data sets to produce and update calibration coefficients. The annual SD (BRF) degradation rates of Aqua MODIS are approximately 2.6% at 0.412 μm, 1.6% at 0.466 μm, and 1.0% at 0.530 μm. This is similar to Terra MODIS when operated under similar conditions. The largest RSB response decrease (mirror side 1) is 3.6% per year for band 8 at 0.412 μm, followed by 2.3% for band 9 at 0.443 μm and 1.6% for band 3 at 0.469 μm. In general, changes in Aqua MODIS RSB responses and, particularly, their mirrorside differences are smaller than that of Terra MODIS. With the exception of band 6, a known problem since prelaunch, there have been no new noisy or inoperable RSB detectors after more than six years of on-orbit operations.
II. PRELAUNCH CALIBRATION AND ON-BOARD CALIBRATORS

A. MODIS RSB
For reference purposes, Table I provides a summary of RSB key design specifications, including center wavelengths (CWs), bandwidths, spatial resolutions in terms of instantaneous FOV at nadir, spectral band locations on the focal plane assemblies (FPAs), typical and maximum scene radiances (L typ and L max ), and detector signal-to-noise ratios (SNRs) at L typ . Data products derived from observations made by MODIS RSB can be applied to studies of the land/cloud/aerosol boundaries and properties, ocean color and biogeochemistry, atmospheric water vapor, and cirrus clouds. MODIS spectral bands are located on the FPA according to their spectral wavelengths. Bands 8, 9, 3, 10-12, and 4, with CWs from 0.41 to 0.56 μm, are located on the VIS FPA; bands 1, 13-15, 2, and 16, from 0.65 to 0.87 μm, are on the near-infrared (NIR) FPA; and the short-wave infrared (SWIR) bands 5-7 and 26, with wavelengths above 1.2 μm, are colocated with the mid-wave infrared (MWIR) bands on the short-and mid-wave infrared (SMIR) FPA. There are 40, 20, and 10 detectors for each 0.25 km (bands 1-2), 0.5 km (bands 3-7), and 1 km (bands 8-19 and 26) spatial resolution band, respectively. Bands 13 and 14 are the time-delay and integration bands, with each using a pair of ten-detector arrays. Together, there are a total of 330 individual RSB detectors.
In addition to SNR requirements shown in Table I , the RSB radiometric calibration requirements are ±2% for the reflectance factors and ±5% for the radiances. These requirements, also specified at typical scene radiances, apply only to observations made at scan angles within ±45
• . For nontypical scene radiances from 0.3L typ to 0.9L max , the calibration requirements are relaxed by an additional 1%. Due to specifically defined and stringent calibration requirements, each MODIS (Terra/Aqua) went through extensive prelaunch calibration and characterization activities. Once operated onorbit, the sensor performance is continuously monitored using its OBCs. MODIS on-orbit calibration capability is one of the most improved features over its heritage sensors.
B. Prelaunch Calibration
Aqua MODIS RSB prelaunch calibration measurements, made in the thermal vacuum (TV) environment, were specifically designed to characterize each detector's gain, dynamic range, response nonlinearity, and SNR. The measurements were made at different instrument or TV environment temperatures in order to compute detector temperature correction coefficients needed for on-orbit applications. From prelaunch calibration and characterization, Aqua MODIS RSB demonstrated better overall performance than its predecessor, Terra MODIS, with an exception of band 6, which had 11 inoperable detectors and a few noisy detectors. Other key calibration parameters, such as sensor response versus scan angle (RVS), relative spectral responses (RSRs), and the polarization sensitivity, were derived from system-level measurements at instrument ambient in a clean-room environment.
Like Terra MODIS, the SWIR bands (5-7 and 26) of Aqua MODIS also experienced out-of-band (OOB) thermal leaks and electronic crosstalk. Extensive prelaunch efforts were made by the instrument vendor to characterize and mitigate these effects. Consequently, the magnitude of the thermal and electronic crosstalk was much smaller in Aqua MODIS SWIR bands, which led to better data product quality [15] .
One of the critically important prelaunch calibration tasks for the RSB was to fully characterize the BRF of its onboard SD panel. This characterization was designed to establish a link between on-orbit calibration and ground-based reference. It was performed by the instrument vendor at the SD component level, with measurements made in a comparative mode using reference samples traceable to the reflectance standards of the National Institute of Standards and Technology (NIST). The measurements were made at seven wavelengths (0.4, 0.5, 0.6, 0.7, 0.9, 1.1, and 1.7 μm) and at nine illuminating directions (a combination of three elevation angles and three azimuth angles). From these measurements, a 2-D quadratic fitting was made over illuminating/viewing geometries at each wavelength, and a linear interpolation of the SD BRF profiles was made with wavelengths to match the RSB spectral bands [10] , [16] .
C. On-Board SD and SDSM
The MODIS RSB onboard radiometric calibration system consists of an SD and an SDSM. The SD panel, made of spacegrade Spectralon, provides a full aperture calibration target with the same optical path as the Earth view (EV) for each detector. The SD BRF, as described in Section II-B, was characterized prelaunch, and its on-orbit degradation is tracked by the SDSM, which is operated during each SD calibration event. The SDSM is effectively, by itself, a ratioing radiometer. It consists of a solar integration sphere with nine detectors covering wavelengths from 0.41 to 0.94 μm, as shown in Table II . Also listed in Table II are the closely matched MODIS bands. A rotating optical system in the SDSM provides alternate measurements of direct sunlight and sunlight diffusely reflected from the SD panel, and a dark view for measuring SDSM detector offsets. The time series of the ratios of each SDSM detector's SD view response to the Sun view response, corrected for the viewing geometry and background, provides a trend of SD on-orbit degradation. The SDSM assembly also includes a fixed screen in its Sun view path. It was designed to match the SDSM responses between its Sun view and SD view [17] . MODIS spectral bands were designed with different gains to optimize their specified applications. The ocean color bands 8-16 have higher gains than other RSB bands, and their responses saturate when viewing the SD with direct solar illumination. To overcome this limitation, a retractable SD screen (SDS) was built as part of the SD door assembly, such that the SD calibration can be made with and without the SDS in place. The SD door covers both the SD and SDSM views to the Sun. It is normally closed when there is no SD/SDSM calibration event. In addition to the onboard SD and SDSM, an instrument space-view (SV) port provides system-level measurements of each detector's offset or background. There are 50 data samples collected for each scan over the SD and SV calibration sectors for 1-km resolution bands. For 0.25-and 0.5-km bands, there are two and four subsamples, accordingly, to match each 1-km data sample.
III. CALIBRATION ALGORITHMS AND ACTIVITIES
A. RSB Calibration Algorithms
MODIS RSB radiometric calibration is reflectance based using an SD. The EV scene top-of-atmosphere (TOA) reflectance factors are measured with reference to the SD BRF. The calibration coefficients (inverse gains) m 1 's are computed offline from regularly scheduled SD and SDSM observations and updated as needed in the Level 1B (L1B) algorithm (or code) via time-dependent lookup tables. For a given band, detector, subsample (for subkilometer resolution bands 1-7), and mirror side, m 1 can be expressed by
where ρ SD is the SD initial BRF derived from prelaunch measurements; θ SD is the SD solar zenith angle; (dn SD ) * is the detector response to the SD in digital number with corrections applied to remove the effects due to instrument background, temperature, and viewing angles; and d ES(SD) is the Earth-Sun distance in AU at the time of the SD observation. A vignetting function Γ SDS is included in (1) for the bands calibrated with the SDS in place. Otherwise Γ SDS is set to one. Finally, an SD degradation factor Δ SD needs to be applied to remove the impact due to SD BRF on-orbit changes.
By using the same approach and replacing the SD subscript in (1) with EV, the EV reflectance factor ρ EV cos(θ EV ) can be calculated by
For obvious reasons, the SDS vignetting function and SD degradation factor are not needed in (2) for the EV observations. MODIS L1B also provides TOA EV radiances for the RSB. The radiances are converted from the reflectance factors by multiplying a factor of E SUN /π, with E SUN being the solar irradiance weighted by each detector's RSR. An additional Earth-Sun distance factor is also applied to the conversion, since the reflectance factor is not Earth-Sun distance dependent. The solar irradiance model used for MODIS (Terra and Aqua) RSB is a combination of the following: For SWIR bands, an additional correction algorithm is applied to both SD and EV detector responses. These correction coefficients are derived and monitored from SWIR band nighttime observations [15] . More details on MODIS RSB calibration algorithms and reflectance and radiance products can be found on the MODIS calibration Website (http://www.mcst.ssai.biz/mcstweb/index.html).
B. Calibration Activities
Normally, each complete RSB calibration consists of two sets of SD observations, which are implemented in two consecutive orbits: one with the SDS in front of the SD panel and one without the SDS. For each SD calibration event, the onboard SDSM is also operated in order to track on-orbit changes in SD BRF. Although SD calibration opportunity exists in every orbit, the SD/SDSM calibration event or activity is scheduled on a less frequent basis. As previously mentioned, the SD aperture door is closed if there is no SD/SDSM calibration event, in order to prevent direct sunlight from unnecessarily reaching the onboard SD panel.
During the first year of the Aqua mission, the SD/SDSM system was operated on a weekly basis. This was followed by a biweekly operational frequency starting on July 7, 2003 and then a triweekly operational frequency starting on January 9, 2006. If needed due to special spacecraft or sensor events, an SD/SDSM calibration can be scheduled immediately by the MCST Instrument Operation Team and sent to ESMO FOT for command uploads. As Aqua MODIS continues to operate beyond its design lifetime of six years, a minor adjustment has been made to further reduce the SD/SDSM calibration frequency. Starting from May 19, 2008 , the SD/SDSM calibration without the SDS is performed on a six-week basis, and the calibration with the SDS remains on a triweekly basis. This reduces direct solar exposure on the SD, as well as the number of SD doorstep motor's movements. A summary of Aqua MODIS SD/SDSM calibration events executed from instrument launch to present (June 2002 to December 2008) is provided in Table III . 
where f OS is an oversample factor needed since multiple overlapping lunar scans are used. The combination of the aforementioned correction factors can be provided via a lunar model [18] , [19] . Together with SD observations made at an angle of incidence (AOI) of 50.2
• to the scan mirror, MODIS lunar observations made at an AOI of 10.2
• are primarily used to track and correct changes in sensor RVS.
Since no prelaunch measurements were made to characterize the SD BRF at the SDSM's SD view angle and to characterize the SDS vignetting function, a series of yaw maneuvers, covering all possible viewing geometries for the SD calibration, was implemented on-orbit to mitigate this deficiency. SD and SDSM observations, made during spacecraft yaw maneuvers with and without the SDS in place, provided useful data sets to derive these key parameters [20] . As described in Section II, MODIS SWIR band observations are slightly impacted due to the OOB thermal leak from MWIR and electronic crosstalk. Because of this, a correction algorithm is applied to the onorbit calibration algorithm. The correction coefficients used to remove the thermal leak are derived and monitored on-orbit using EV observations made at nighttime. For this purpose, a special nighttime-to-daytime switch of the sensor operation mode has to be made, since nominal operation does not collect nighttime EV data for the RSB. This activity is performed less frequently than others (Table III) .
IV. ON-ORBIT PERFORMANCE
Unlike Terra MODIS, which has experienced a number of changes in its operational configurations, Aqua MODIS has operated using the same configuration (redundant B-side) during its entire mission. The decision to use the B-side as the sensor at-launch configuration was based on the results from extensive prelaunch characterization and performance comparison of both A-side and B-side configurations. Table IV provides an operational timeline of Aqua MODIS, from launch to present. Aqua MODIS was launched on May 4, 2002. After a series of sensor activation activities, the instrument was switched to the "science mode" on June 7, 2002. This was followed by a complete set of operational and functional tests. The instrument nadir aperture door was opened on June 24, when the first EV image ("First Light") was recorded. For more than six years, only three spacecraft-related anomalies, which occurred shortly after launch, have caused MODIS to switch briefly to the safe mode (http://www.mcst.ssai.biz/mcstweb/ performace/aqua_instrument.html).
A. Instrument and Focal Plane Temperatures
MODIS on-orbit calibration is made at an end-to-end system level. The sensor response includes contributions from its optics (including scan mirror, telescope, and aft optics), detectors, and electronics. The stability of instrument and focal plane temperatures could have a direct impact on each individual detector's response and, likely, the calibration quality if no correction is applied. Fig. 2 shows Aqua MODIS instrument, VIS, and NIR FPA temperatures on a scan-by-scan basis over a 2-h period (1 orbit: 98 min) in 2002 (a) and 2008 (b). Excluding extreme outliers due to random telemetry noises, the temperature scanby-scan variations, largely due to nighttime and daytime orbit differences, are typically less than 0.5 K (peak-to-peak) during nominal sensor operations. By using their granule (5 min) averages, the orbit-to-orbit variations of Aqua MODIS VIS and NIR FPA temperatures are shown in Fig. 3(a) for a threeday period (1 day: 14.4 orbits). Their long-term trends and seasonal variations, from launch to present (December 2008), are shown in Fig. 3(b) using the daily averages. The orbitto-orbit difference (min-to-max) within a day is on the order of 1.0 K. After more than six years of on-orbit operation, the instrument temperature, on average, has only increased by 2.0 K. The seasonal variations are closely correlated to the distance between the Sun and the spacecraft and the solar beta angles of the spacecraft. The VIS and NIR FPAs have no In RSB calibration algorithms [see (1) and (2)], the detector responses to the SD and EV in digital numbers are corrected for the instrument temperature effect. This is necessary since the EV observations are made continuously on a scan-byscan basis, while the SD calibration is only performed on a regular basis from weekly to triweekly. For VIS and NIR spectral bands, this temperature correction also includes their FPA temperature effect. For SWIR bands, there is no FPA temperature effect since the SD and EV observations are made at the same FPA temperature.
B. SD On-Orbit Degradation
The MODIS SD BRF, which serves as the RSB calibration reference traceable to the NIST reflectance standard, was characterized prelaunch by the instrument vendor. Its on-orbit degradation is monitored by the SDSM at nine wavelengths between 0.412 and 0.936 μm, shown in Table II , during each scheduled SD/SDSM calibration activity. To maintain RSB calibration quality, on-orbit changes in the SD BRF must be taken into account when computing calibration coefficients from sensor SD observations [see (1) ]. Details of the methodology applied to track the SD on-orbit degradation and specific implementation techniques have been reported in a number of references [10] , [17] . Fitting results of Aqua MODIS SD degradation, from launch to present, are shown in Fig. 4 , with normalization made relative to SDSM detector 9 (D9) at 0.936 μm, since the degradation at the D9 wavelength has been extremely small [21] . Fitting residuals vary from 0.2% at the long-wavelength end to 0.5% at the short-wavelength end. The normalization is applied to reduce the SDSM screen vignetting effect.
As expected, the SD on-orbit degradation shows a clear dependence on the amount of solar exposure. In addition, (Table IV) . On average, the Aqua MODIS SD annual degradation rates are approximately 2.6% at 0.412 μm (D1), 1.6% at 0.466 μm (D2), 1.0% at 0.530 μm (D3), 0.8% at 0.554 μm (D4), 0.4% at 0.646 μm (D5), and less than 0.2% at other longer wavelengths (D6-D8). In general, the Aqua MODIS SD degradation rates are nearly identical to Terra MODIS SD degradation when both instruments are operated under the same conditions. Since its SD door was permanently set at the "open" position (on July 2, 2003), the Terra MODIS SD degradation has accelerated [10] .
C. Detector Noise Characterization
Detector SNR is a key performance parameter for Earthobserving sensors and directly impacts calibration accuracy and stability, as well as the image quality. For Aqua MODIS RSB (a total of 330 individual detectors), there are 14 inoperable detectors (1 in band 5 and 13 in band 6) and 3 noisy detectors (all in band 6) with most identified prelaunch and a few that occurred at launch or due to spacecraft-related anomalies at mission beginning (Table IV) . Since then, there have been no new noisy or inoperable detectors in RSB. Due to a large TABLE V  RSBS SNR (NORMALIZED TO SPECIFICATIONS LIST IN TABLE I) number of inoperable and noisy detectors [22] , no science data products are derived from direct use of band 6. On-orbit, the RSB noise characterization is performed for each individual detector using its responses to the sunlight-illuminated SD panel during each scheduled SD calibration event. There are 50 data samples collected each scan over the SD calibration sector. Each detector's SNR is computed at different signal levels and then scaled to the typical radiance level (L typ ) via a smooth fitting of SNRs at these levels. On a regular basis, the measured SNR values at L typ are compared with the specified SNR listed in Table I , as part of the MCST tasks of monitoring sensor onorbit performance. Table V is a summary of SNR performance on an annual basis, in terms of measured SNR normalized to the specified SNR for each spectral band. Previously identified noisy and inoperable detectors are excluded from the band average. Clearly, the RSB noise characterization performance has continued to exceed the design requirements, with all the numbers in Table V being larger than one. There has been a small, but noticeable, performance degradation for bands 8 and 9. This is primarily due to decreases of their on-orbit responses over time (see Section IV-E).
D. Response Short-Term Stability
MODIS RSB detector short-term stability is evaluated using their response to the SD when it is fully illuminated. Normally, a total of 40 scans of fully illuminated SD observations are selected as the "sweet spot" range when computing the calibration coefficients (20 scans for each mirror side). The "sweet spot" range is the middle portion of the scans when the SD is fully illuminated by the Sun. In this paper, the scan-by-scan calibration coefficients (m 1 ) from SD observations are used to examine the detector short-term stability. Figs. 5-8 show examples for bands 10, 11, 18, and 19 with results from mirror side 1 (three middle detectors). As previously described, a complete RSB calibration consists of two sets of SD observations: one with and one without the SDS in place. Bands 10 and 11 are calibrated with the SDS, and bands 18 and 19 are calibrated without the SDS. (1)], which introduces additional features and therefore impacts its short-term stability. With the SDS in place, band 10 peak-to-peak variations of its scanby-scan calibration coefficients (m 1 ) are within ±0.3%. It is expected that the actual detector's short-term stability, after removing the SDS effect, should be better than what has been shown in Fig. 5 . Nevertheless, the impact due to screen modulation or scan-by-scan variations on RSB calibration is still very small. This is because the calibration coefficients derived from each SD calibration event are averaged over all 20 scans within the "sweet spot" range. As expected, the shortterm stability of band 11, as shown in Fig. 6 , is very similar to band 10. For band 18, on the other hand, there is no SDS effect in the detector responses. As shown in Fig. 7 , variations of its scan-by-scan calibration coefficients (m 1 ) are typically within ±0.1%. Similar performance is shown in Fig. 8 for band 19. It should be pointed out that detector short-term stability is closely related to its SNR. Detectors with smaller noise often exhibit better short-term stability. Fig. 9(a) shows long-term changes in the responses or gains (1/m 1 ) determined from the SD observations for Aqua MODIS VIS spectral bands (mirror side 1). The responses are averaged over detectors for each spectral band and normalized to their initial on-orbit values. Identified inoperable and noisy detectors are excluded from band-averaged trending. Since launch, there has been a response decrease of 23% for band 8 at 0.412 μm, followed by a decrease of 15% for band 9 at 0.443 μm, 10% for band 3 at 0.469 μm, and 8% for band 10 at 0.488 μm. On average, these changes correspond to annual decreases of approximately 3.6% for band 8, 2.3% for band 9, 1.6% for band 3, and 1.2% for band 10. For the remaining VIS bands (11, 12 , and 4), the response decrease has been less than 3% from launch to present or 0.5% per year. For the VIS spectral bands, the ratios of mirror side 1 responses (1/m 1 ) to mirror side 2 responses are shown in Fig. 9(b) . Compared to mirror side 1, the mirror side 2 responses have experienced additional changes of 1.7% for band 8, 0.8% for band 9, 0.5% for band 3, and 0.2% for band 10 over a period of more than six years. This wavelength-dependent change (decrease) in Aqua MODIS VIS band responses is very similar to that of Terra MODIS, except that the mirror-side differences in Aqua MODIS VIS bands have been much smaller. As a result, the Aqua MODIS VIS calibration and data product quality has been better than that of Terra MODIS.
E. Response Long-Term Changes
The long-term changes in the NIR responses are shown in Fig. 10 . Bands 13 and 14 have both high (H) and low (L) gains. Trending results of 13H and 14H, which are nearly identical to 13L and 14L, are not included in Fig. 10 . It is clear that bands 15-19 have similar behavior, with response changes less than ±1.5% over the entire mission. For band 13L, there is a total of 3.0% increase, primarily due to changes in its electronic gain. Meanwhile, bands 1 and 2 (the 0.25-km resolution bands) have shown noticeably different trending behavior than other bands, with an initial decrease up to 3% and then an increase of approximately 5% in their responses (relative to their initial values). Response trending results from lunar observations also show similar behavior for bands 1 and 2. The system-level detector response, derived from SD and lunar observations, is a measure of changes in optics, detector, and electronic gains. Small increases in the responses of some NIR bands are likely due to a combined effect of detector and electronic gain changes. For all the NIR bands, the mirror-side differences are less than 0.1%, a factor of three smaller than Terra MODIS NIR bands over the same time period. Bands 5-7 and 26 are the SWIR bands. They are colocated with the MWIR bands on the SMIR FPA, which is normally operated at 83 K. As shown in Fig. 11 , the changes in the responses of bands 5, 7, and 26 have been very small, less than 1.5% over the entire mission, with practically no mirror-side difference. Band 6 has similar behavior except for the changes at the mission beginning due to spacecraft-related events (Table IV) . These events sent MODIS to its safe mode and required a restart for the sensor normal operation, which led to different numbers of noisy and inoperable detectors in band 6. Clearly, the constantly controlled SMIR FPA temperature has contributed to the excellent long-term stability for the SWIR bands.
F. Lunar Calibration
In addition to SD calibration, MODIS views the Moon through its SV port. As listed in Table III , there are eight to ten regularly scheduled lunar observations each year. Shown in Fig. 12(a) is the long-term response trending, 1/m 1 [see (3) ], for Aqua MODIS VIS spectral bands derived from their lunar observations with mirror side 1. Similar to the SD response trending in Fig. 9(a) , the responses in Fig. 12(a) are also normalized to their initial on-orbit values. In general, the lunar response trending matches well with the SD response, except that the degradation rate from lunar observations (at lunar view AOI) is slightly higher than that from SD observations for several spectral bands. By comparison, the responses at lunar AOI have decreased 34% for band 8 at 0.412 μm, 20% for band 9 at 0.443 μm, 12% for band 3 at 0.469 μm, and 8% for band 10 at 0.488 μm. For bands 11, 12, and 4, the changes since launch have been less than 2%.
As shown in Fig. 12(b) , mirror side 2 responses have additional changes of approximately 2.3% for band 8, 1.5% for band 9, 1.0% for band 3, and 0.5% for band 10, compared to mirror side 1 responses. The variations of mirror-side differences derived from lunar observations are noticeably larger compared to SD observations. This is primarily due to the lunar surface's nonuniformity. For most RSB bands, the differences between SD and lunar observations and mirror-side differences are small. Since the RSB calibration [see (1) ] is mirror side dependent, the mirror-side difference is captured by the SD calibration. For each mirror side, the difference between the degradation rates derived from SD and from lunar observations is used to track the changes in sensor RVS.
V. LESSONS AND CHALLENGES
Many lessons from Terra MODIS RSB calibration, prelaunch to postlaunch, have greatly benefited Aqua MODIS. 1) Lessons learned from Terra MODIS SWIR band thermal leak and electronic crosstalk characterization have led to more effective prelaunch mitigation efforts in dealing with the same problem in Aqua MODIS. Largely reduced thermal leak and electronic crosstalk effects in Aqua MODIS SWIR bands have resulted in noticeably improved performance for the on-orbit correction algorithm and, therefore, the data product quality [15] . 2) The Terra MODIS on-orbit experience in characterizing the SD BRF, including the SDSM viewing angle, and SDS vignetting function (not characterized prelaunch) have led to improvements for similar work in Aqua MODIS, including planning and implementation of yaw maneuvers and special data analysis [20] . 3) MODIS SDSM was built with a misalignment (mechanically fixed) in its Sun view path, which caused undesirable ripples in the responses. These ripples significantly limited the effectiveness of the SDSM's capability to track SD on-orbit degradation. Shortly after Terra launch, many efforts were made to better characterize the effect and associated impact on SD degradation quality. As a result, an alternative approach of normalizing other SDSM detectors to detector 9 was developed and applied to Terra MODIS. This has been proven to be very effective, since the SD has little degradation at the D9 wavelength and all SDSM detectors have similar ripples [16] . Because of this, no additional effort is required to make the Aqua MODIS SDSM work effectively in tracking its SD onorbit degradation. 4) Similar efforts and tools developed for Terra MODIS lunar observations have directly been applied to Aqua MODIS, including the lunar observation planning tool, required spacecraft roll maneuvers to make the lunar observations at the same phase angles, and determination of lunar viewing geometric factors [19] . 5) Experience of on-orbit changes in Terra RSB, particularly the VIS spectral bands, RVS, and the challenging effort needed to track and update the changes for the L1B calibration algorithm have better prepared similar work in Aqua MODIS.
On the other hand, there have been some lessons learned from Aqua MODIS RSB calibration and characterization that, in turn, have helped Terra MODIS. For MODIS RSB, the calibration accuracy requirement is ±2% in reflectance. Uncertainty analysis indicates that a major contributor or a limiting factor to the RSB calibration is the SD BRF [23] . It, by itself, has three components: prelaunch characterization uncertainty, potential change from prelaunch characterization to first-time orbit use of the SDSM, and on-orbit degradation monitoring uncertainty. As some uncertainty components were fixed based on prelaunch characterization, accurately tracking sensor on-orbit responses (optics, electronics, and detectors), including SD degradation, and promptly updating changes needed to maintain the L1B calibration and data product quality are constant and challenging tasks undertaken by the MCST. Additional effort is needed for MODIS to track changes in sensor response as a function of scan angle. Some science data products, such as ocean color, need sensor polarization parameters for atmospheric correction. These parameters are typically derived from prelaunch measurements, and it is extremely hard to track their on-orbit changes [24] . As expected, lessons from both Terra and Aqua MODIS have and will continue to provide valuable information for the design and development of future Earth-observing sensors, such as the National Polar-orbiting Operational Environmental Satellite System (NPOESS) Preparatory Project (NPP) Visible/ Infrared Imager Radiometer Suite (VIIRS), the Geostationary Operational Environmental Satellite-R series (GOES-R) Advanced Baseline Imager (ABI), and the Landsat Data Continuity Mission (LCDM) Operational Land Imager (OLI). VIIRS, essentially a MODIS follow-on sensor, will use a nearly identical SD/SDSM calibration system for the VIS/NIR/SWIR spectral bands with improvements made to correct the SDSM deficiency and to make prelaunch measurements of the SDS and SDSM Sun view screen vignetting function. Adding an onboard SD for ABI is a major step toward improving on-orbit calibration quality for the operational geostationary sensors. MODIS on-orbit SD degradation tracking capability has been added to OLI, the solar reflective sensor of LDCM, developed to extend the existing Landsat missions. In addition to sensor design and selection of its onboard calibration capability, MODIS RSB calibration activities, methodologies, and results have been extensively used and referenced to address the need for future sensors with significant improvements in the solar reflective spectral regions. The Climate Absolute Radiance and Refractivity Observatory mission is such an example. It is recommended in the NRC Decadal Survey as a key component for the future climate observing system, with shared responsibility by both NASA and NOAA. It is currently in the early plan and design phase, aimed at producing highly accurate and spectrally resolved on-orbit International System of Units (SI) traceable benchmark measurements for climate studies.
VI. CONCLUSION
Excluding a few small data gaps due to spacecraft and sensor operational anomalies, Aqua MODIS has been making continuous global observations for more than six years since its nadir aperture door opened on June 24, 2002 (sensor "first light"). Dedicated effort by the MODIS Science Team and MCST has greatly contributed to the mission's success. Excluding noisy or inoperable detectors (nearly all in band 6) identified prelaunch and shortly after launch, all RSB detectors have excellent short-term stability, meeting noise characterization and design requirements. The changes in sensor responses, typically larger in the VIS spectral region, are constantly monitored and corrected in the calibration algorithm. In general, the changes in Aqua MODIS RSB, as well as the SD degradation, are relatively small compared to its predecessor, i.e., Terra MODIS. In addition, Aqua MODIS has a much smaller electronic crosstalk in its SWIR bands and shows a much smaller mirror-side difference in sensor responses for all spectral bands. Consequently, Aqua MODIS has demonstrated an overall better performance than Terra MODIS. To this date, Aqua MODIS continues to operate normally and produce high-quality measurements of radiances and reflectance factors needed as input for many science data products. Lessons learned from MODIS operation, calibration, algorithm design, and performance have provided useful references for future Earth-observing sensors.
